Thermal analysis and other techniques were employed to characterize two expandable graphite samples. The expansion onset temperatures of the expandable graphite's were ca.
Introduction
Natural flake graphite (FG) is a layered mineral made up of stacked graphene sheets of covalently bonded carbon atoms [1, 2] . Due to the anisotropic nature of graphite it possesses high but non-uniform electrical conductivity. It is high in the in-plane direction but much lower in the direction perpendicular to the graphene layers [1] .
Graphite oxide (GO) is a highly oxidized and disordered form of graphite that contains carbon, oxygen, and hydrogen in variable ratios [1, [3] [4] [5] . It is synthesized by exposing flake graphite to concentrated sulfuric acid in conjunction with strong oxidizers such as nitric acid or potassium permanganate [3, 4] . Mermoux and Chabre [6] contend that GO is obtained via hydrolysis of an intermediary compound formed through over-oxidation of a graphite intercalation compound. Graphite oxide retains the lamellar structure of the parent graphite but with a much larger and irregular basal spacing (d 002 between 0.562 nm and 0.902 nm [7] ) owing to the presence of oxygen-containing groups [3] . The nature of GO is not well defined but it is believed that it has enol, keto and epoxy functional groups randomly attached to the graphene sheets [5] . Depending on the synthesis method, the oxygen content can range from 44 wt.% to 56 wt.% and the carbon to oxygen ratio from about 1.0 to 1.6 [3, 4] . Owing to the highly oxidized nature of the graphene sheets, GO is an insulator material [1] .
Graphite intercalation compounds (GICs) possess guest molecules inserted (intercalated)
between the graphite layers [8] . The graphite layers in these complex materials remain largely intact with the guest molecules or atoms (X) located in between graphene layers. The actual composition varies on a layer by layer basis as not every layer becomes intercalated. This phenomenon is called staging and a stage n compound will have n graphite layers with no guests in between them for each intercalated layer. In other words, the stage number n is simply the number of graphene layers sandwiched between successive intercalant layers. This means that in a stage 1 (or first stage) compound the graphite layers and intercalant layers alternate perfectly. Such compounds may be described by the formula XC y .
Graphite bisulfate is a stage 1 lamellar compound (d-spacing of 0.397 nm) which possesses a blue hue [9, 10] . The composition of the Stage 1 compound is stated as C 24 + ·HSO 4 -·2H 2 SO 4 [11, 12] . Graphite bisulfate may be produced electrochemically [11] or by dipping natural graphite in concentrated sulfuric acid with sufficient nitric acid to oxidise the graphite to prepare it for intercalation [9] . Graphite bisulfate is, however, highly unstable and decomposes if a small amount of water is added to the acid or if the blue compound is exposed to air. One may observe the breakdown of graphite bisulfate exposed to moist air over time by following the change in its XRD patterns. Ultimately, breakdown of graphite bisulfate results in a residue with a very broad XRD reflection at a d-spacing of 0.339 nm [9] .
It appears to be a mixture of various higher stages of sulphuric acid intercalated graphite.
Hennig [13] suggested that the composition of the degraded residue can be approximated by [14] . At this scale it is, in effect, produced in a similar fashion to graphite oxide.
The parallels between the production methods for graphite oxide and graphite bisulfate imply the possibility that both compounds may be formed during expandable graphite production.
According to Camino et al. [15] , expandable graphite is equivalent to a staged version of a graphite-sulfuric acid salt, i.e. the graphene layers all remain intact while bisulfate ions are intercalated between these layers. Talanov et al., however, [16] suggests that expandable graphite is obtained via hydrolysis of graphite bisulfate, implying that is a less well-ordered material than its graphite bisulfate progenitor.
The key property of expandable graphite is its tendency to exfoliate when heated to high temperatures beyond a characteristic expansion onset temperature. During exfoliation it expands rapidly in a worm-like manner to form vermicular graphite with a low density [1, 2, 17] . The exfoliation process is an endothermic event and the expansion follows ideal gas law behaviour. According to Chung [17] the origin of this process lies in the vaporization of the intercalant.
Expandable graphite and its exfoliated form may be used in numerous applications [17] .
These include gaskets; seals and packings; fire extinguisher agents; thermal insulators; electrodes; for the production of high thermal conductivity graphite sheets; etc. [17] .
Expandable graphite may act as a intumescent flame retardant for some polymers [18] [19] [20] [21] [22] [23] with polyethylene [24] and polyurethane foams being the primary substrates for EG [15, 21] .
Expandable graphite possess similar in-plane electrical conductivity to natural flake graphite [25] . This means that it could impart both antistatic and thermal conductivity [26] in addition to flame retardant properties to polymers [27] . Natural graphite and expandable graphite therefor possess the ability to impart both electrical and thermal conductivity into its polymer substrate while improving fire retardancy properties in addition to the aforementioned effects.
This investigation and its associated projects aim to explore the use of these additives in a variety of applications ranging from flame retardants to heat storage materials [27] [28] [29] [30] . The objective of this particular study in particular was to perform a comprehensive characterization of two commercial expandable graphite grades used in industrial polymer applications. The aim was to gain a better understanding of the true nature of expandable graphite grades used in industry. Finally, this communication complements previous studies that have investigated the thermal properties of graphite bisulphate [11, 31] .
Experimental

Materials
Two grades of expandable graphite, ES 250 B5 (onset temperature 220°C) and ES170 300A
(onset temperature 300°C), were obtained from Qingdao Kropfmuehl Graphite (China).
Milled natural Zimbabwean flake graphite (Graphite) was supplied by BEP Bestobell (South Africa). Exfoliated graphite forms were prepared at a temperature of 600°C by placing the expandable graphite powder samples in a Thermopower electric furnace.
Particle size, BET surface and density determination
The graphite particle size distributions were determined with a Mastersizer Hydrosizer 2000MY (Malvern Instruments, Malvern, UK). The specific surface areas of the graphite powders were determined BET surface areas were measured on a Micromeritics Flowsorb II 2300 and a Nova 1000e BET instrument in N 2 at 77 K. Densities were determined on a Micrometrics AccuPyc II 1340 helium gas pycnometer.
Thermogravimetry (TGA)
Thermogravimetric analysis (TGA) was performed using the dynamic method on a Mettler Toledo A851 TGA/SDTA instrument. About 5 mg powder was placed in an open 150 µL alumina pan. Temperature was scanned from 25 to 1000 °C at a scan rate of 10 °C/min with air or N 2 flowing at a rate of 50 mL/min
Composition of evolved gases
Approximately 50 g samples of expandable graphite were placed in a graphite crucible. They were heated in a Thermal Technologies high temperature graphitizing furnace. The temperature was ramped up at a rate of 1°C/min starting from 100°C and ending at 600°C.
Helium was passed through the furnace at a flow rate of 0.1 L/min. A Teledyne PEM9004 portable emissions analyser was used to determine the concentration of SO 2 in the flue gas stream as a function of temperature.
The overall composition of the gases evolved during exfoliation was determined as follows.
Approximately 3 g samples of expandable graphite were placed in a sealed reaction vessel in a Thermopower furnace. The temperature was ramped up at a rate of 5°C/min starting from 100°C and ending at 600°C. A sample gas bag was connected to the reactor purge line. The gases emitted from the process were trapped in SKC Flexifilm gas bags. Gas analysis was performed using gas chromatography by a SANAS accredited laboratory.
Graphite composition determinations
Elemental analysis was performed on a Thermo Scientific Flash 2000 CHNS Elemental
Analyser with the furnace temperature set at 900°C. The sulphur content was also checked using an Eltra CS-580 analyser.
The elemental composition of the inorganic part of the graphite powders was also measured using XRF analysis performed using a wavelength-dispersive spectrometer (ARL 9400XP+ XRF). The samples were prepared as pressed powder briquettes and introduced to the spectrometer. The powders were also ground in a tungsten carbide milling vessel and roasted at 1000°C for determination of the loss on ignition (LOI).
Ion exchange
EG grade ES250 B5 (43.2 g) was successively suspended in fresh portions of ca. 150 g of 27.4 wt.% diammonium phosphate (DAP) solution. The suspension was left to stand for one day before the expandable graphite was separated by filtration for further suspension in a fresh portion of the DAP solution. This procedure was repeated four times. After the final treatment, the graphite was thoroughly washed with deionized water. The recovered liquid filtrates and wash water were analysed for sulfate and phosphate to determine the amount of sulfate ions exchanged and the quantity of phosphate ions intercalated.
Thermomechanical analysis
Thermal expansion measurements were conducted on a TA instruments Q400 Thermo Mechanical Analyser. Sufficient powder was placed in an alumina sample pan such that the bed height was between 35 mm and 40 mm. The flake expansion behaviour was measured with a flat-tipped standard expansion probe using an applied force of 0.02 N. The temperature was scanned from 30 °C to 1000 °C at a scan rate of 10 °C/min in nitrogen atmosphere. The expansion relative to the original powder bed height was reported.
X-Ray Diffraction (XRD)
XRD diffraction patterns were recorded using a Bruker D8 Advance powder diffractometer fitted with a Lynx eye detector. Measurements were performed in the 2q range 15-120 ° with a 0.04 ° step size and a counting time of 0.2 s. The interlayer spacing, d 002 , was calculated using the Bragg equation, was used as an indicator for the extent of ordering.
Raman spectroscopy
The Raman spectra were recorded with a T64000 series II triple spectrometer system from HORIBA Scientific, Jobin Yvon Technology using the 514.3 nm laser line of a coherent Innova â 70 Ar + laser with a resolution of 2 cm -1 in the range 1200 to 1700 cm -1 . The samples were recorded in a backscattering configuration with an Olympus microscope attached to the instrument (using a LD 50x objective). The laser power was set at of 6 mW and a nitrogen-cooled CCD detector was used. The accumulation time was 120 s and the spectra were baseline corrected with using LabSpec software.
Scanning Electron Microscopy (SEM)
Graphite morphologies were studied using an ultrahigh resolution field emission scanning electron microscope (HR FEGSEM Zeiss Ultra Plus 55) with an InLens detector at an acceleration voltage of 1 kV to ensure maximum resolution of surface detail. No electricallyconductive coating was applied to the graphite particles. Microanalysis was performed with a Thermo Scientific NanoTrace X-ray detector. This analysis was performed with the microscope magnification at 750´ and an accelerating voltage of 20 kV. Figure 1 shows the particle size distribution of the various graphite types used. The d 50 particle size of the natural flake graphite was almost five times lower than that of the two expandable graphite grades. The d 10 , d 50 , and d 90 particle sizes, BET surface area, and densities of the different graphite samples are presented in Table 1 . The surface area of the ES170 300A expandable graphite samples increased by a factor of twenty two when it expanded during heat treatment at 600°C. The surface area of the neat ES250 B5 could not be determined as it started to exfoliate during BET measurement attempts. The microstructures of the expanded worms are built up of distorted graphite sheets. It is possible to consider these worms to be comprised of several discrete flake remnants with a thickness distribution. Owing to their very high aspect ratios, the average thickness of these sheets can be estimated from the BET surface area using the equation
Results
Graphite particle characteristics
Where t is the average sheet thickness in m, r is the density in kg m -3 ; and A is the BET surface area in m 2 kg -1 . Note that equation (1) neglects the edge surface area of the flakes.
Applying this equation to the expanded graphite samples yields average flake thicknesses of 40 nm and 60 nm for ES250 B5 and ES170 300A respectively. This confirms the nanostructured nature of the expanded "worms". Figure 3 shows the TGA mass loss curves for the expandable graphite samples in nitrogen.
Thermogravimetry (TGA)
The exfoliation of the ES250 B5 grade occurs in two steps. Expansion onset occurs at 190°C
and the DTG peaks (not shown) occur at 205°C and 407°C. In contrast, the ES170 300A
TGA trace indicates a single-step exfoliation event with an onset temperature above 250°C
and a DTG peak at 296°C in the TGA. At 600°C the ES250 and the ES170 samples have lost 15.3 wt.% and 7.3 wt.% respectively. At higher temperatures all samples oxidized and rapidly lose mass. However, there are significant differences in the oxidative stability. The thermal stability increased in the order ES250 < ES170 < natural graphite.
Composition of evolved gases
Camino et al. [15] Indeed, Figure 4 shows that SO 2 is evolved during the exfoliation of expandable graphite samples in the graphitizing furnace. Note that the onset temperature for SO 2 release was lower for ES250 than for ES170. The latter also released significantly less SO 2 during exfoliation. Table 2 gives the overall composition of the gases collected during these experiments. They were collected in the temperature interval 100°C to 600°C. Table 2 also reports selected atomic ratios. The main constituents in order of decreasing importance are carbon dioxide > carbon monoxide > sulphur dioxide. This observation does not agree with the reaction mechanism posed in Scheme I which suggests that two mole SO 2 should be released for every mole of CO 2 . Furthermore, if the graphite samples only contained intercalated sulphate ions, the expected oxygen to sulphur ratio would be four. However, the observed ratios are much higher, twenty seven times for ES250 and three times higher for ES170. EDS analysis confirmed the presence of sulfur in both the neat and the exfoliated expandable graphite samples. However, in the latter case the sulfur was strongly associated with calcium.
Graphite composition determinations
This suggests the formation of calcium sulfate or sulfide during the exfoliation process and explains why part of the sulfur is retained. However, the concentration of alkali and alkaline earth metals found by XRF was too low to explain the retention of all of the sulfur in the form of sulfate or sulfide salts. This means that sulfur must also be retained in the graphite matrix, perhaps acting as sulfide bridges that neutralize dangling carbon bonds at holes and the edges of graphene sheets. Furdin [32] postulated that some of the sulfur might even be retained in its elemental form.
XRF results revealed that the inorganic content of the Zimbabwean flake graphite was about 8 wt.%. The main impurities appeared to be silica and clay minerals. According to the XRF results, the apparent carbon content of the two expandable graphite samples were both about 89 wt.%. These values are higher than those obtained from the elemental analysis most likely because this value did not take into account the oxidized nature of the graphite samples.
The XRF results provide hints regarding the way the two expandable graphite samples were made. Unlike ES170, ES250 contains manganese and potassium suggesting the KMnO 4 was used as oxidant in its manufacture.
Thermomechanical analysis
A key property of expandable graphite is the ability to exfoliate over a narrow temperature range. Figure 5 shows the expansion behaviour of the graphite samples as characterized by TMA. The onset temperatures for the ES250 and ES170 were about 225°C and 300°C
respectively. The ES250 showed a greater expansion most likely due to the larger volume of gas released by this grade during the exfoliation event. Figure 6 shows XRD diffractograms for the two expandable graphite samples and compares them to the diffractogram for the natural graphite. Table 5 Figure 7 shows Raman spectra. The Raman spectrum of the natural exhibits a characteristic strong G band at 1580 cm -1 which is attributed to the vibration of sp 2 -bonded carbon atoms in the two-dimensional hexagonal lattice. It also features a weak D band at 1349 cm -1 which is caused by the graphite edges or by imperfections. The Raman spectra of the expandable graphite samples exhibit a typical graphite-like pattern ( Figure 7 ). Table 5 reports the I D /I G peak intensity ratios for the natural graphite and the neat as well as exfoliated expandable graphite samples. Lower values for this ratio indicate increased ordering [33] . Thus the apparent ordering of the graphite improves on exfoliation. Botas [34] reported peak intensity ratios for graphite oxide of I D /I G » 0.9. This indicates that the disorder in the expandable graphite samples is not as severe as in GO.
X-Ray Diffraction (XRD)
Raman spectroscopy
Discussion
Natural graphite is a highly crystalline material [2] formed through a range of complex geological processes which can result in a wide variety of morphologies. However, flake natural graphite is predominantly formed during the creation of metamorphosed siliceous or calcareous sediments [35] . A recent extensive investigation on natural flake graphite, very similar to the materials under consideration in this study, concluded that the flakes are comprised of polygonized stacks of interlinked crystals as seen from an angle in Figure 1A . [36] . The morphology is the result of complex crystal growth phenomena during flake formation. Disclinations and elastic instabilities lead to crystal growth along macrospirals which interlink the entire structure whilst polygonized blocks develop independently [37] .
The dominant flaw in this structure is a type of prismatic edge dislocation which is better described as a region of slip misalignment. This represents a discontinuity in the crystal structure and is a very likely the point of attack for oxidants. This discontinuous layered stacking is clearly visible in Figure 8 .
Consider now what may happen during the manufacture of expandable graphite. As the oxidant molecules penetrate such a flaw, the entire plane on both sides of the flaw may become heavily oxidized, to the point of resembling "graphite oxide". This is due the similar levels of oxidant concentrations used to produce intercalated graphite and "graphite oxide" [4] . This is confirmed by the very high oxygen to carbon ratio measured for the intercalated graphite materials. It is also likely that this degradation will lead to weakening of the adjacent layers, leading to further attack in the regions adjacent to these flaws. This will lead to regions of highly oxidized "graphite oxide" sandwiched between regions of relatively pristine crystallinity. The presence of considerable regions of homogenously intercalated graphite is demonstrated by the XRD traces in Figure 6 . DRD reflections consistent with both graphite oxide and sulfuric acid intercalated phases are found. The oxygen to carbon ratio for "graphite oxide" may be as high as 1:1 [4] . The values for the expandable graphite grades
were not as high because of the presence of regions where the graphite was not oxidized. The postulated progression of oxidation and intercalation is shown schematically in Figure 9 . It is important to note that regions of overarching connectivity still exist, linking the entire flake together.
Graphite oxide is thermally unstable. It deflagrates at above 200°C with the formation of carbon monoxide, carbon dioxide, water, and an amorphous, soot-like carbon [10, 38] . It is therefore plausible that the graphite oxide phase participates in the exfoliation of EG. Upon heating the regions of "graphite oxide" vaporize, producing large amounts of localized trapped gas. These gas pockets expand within the interlinked flake structures leading to the accordion like structures visible in Figure 2D . The ash content of the two expandable graphite grades is the same and so is the oxygen to sulfur ratio. There are, however two clear differences that could hold a key to the higher thermal stability of the ES170 A300 when compared to the ES250 B5. The sulfur content of the former is lower and it contains significantly less transition metal impurities, i.e. iron and manganese. It is possible that the catalytic activity of the latter may be responsible for the lower thermal stability.
Conclusions
Two commercial expandable graphite (EG) samples and natural flake graphite were Some may be retained as inorganic sulfides but most probably serve to nullify dangling carbon bonds at defects and graphene edges.
are those of the authors and therefore the NRF ad DST do not accept any liability with regard thereto. Neat flake showing flaws. B. Flaws provide internal access and facilitate intercalation. C. the flaws also provide easy access to water and more oxidant so that they also facilitate the conversion to graphite oxide at internal sites.
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